glial cells as well as in monocyte-derived macrophages of human origin.
In the present work, we measured the content of cholestanol in the circulation, liver, brain, and tendons of cyp27a1 Ϫ / Ϫ mice. In accordance with previous reports, no xanthomas were formed, but there was a marked and hitherto unreported accumulation of cholestanol in brain and tendons of the cyp27a1 Ϫ / Ϫ mice. The accumulation was less marked in liver and plasma. In addition, we measured the concentration of the cholestanol precursor, 7 ␣ -hydroxy-4-cholesten-3-one, in plasma under different conditions. The latter precursor was also injected in cyp27a1 Ϫ / Ϫ mice. The results are consistent with the hypothesis that 7 ␣ -hydroxy-4-cholesten-3-one is an important precursor of cholestanol in the brain of the cyp27a1 Ϫ / Ϫ mice.
MATERIALS AND METHODS

Materials
7 ␣ -Hydroxy-4-cholesten-3-one was obtained from Steraloids.
2 H 7 -labeled 7 ␣ -hydroxycholesterol, with a purity of >99%, was obtained from Avanti. 2 H 7 -labeled 7 ␣ -hydroxy-4-cholesten-3-one was synthesized from 2 H 7 -labeled 7 ␣ -hydroxycholesterol by enzymatic oxidation as described ( 15 ) . The 2 H 7 -labeled 7 ␣ -hydroxy-4-cholesten-3-one obtained was purifi ed by preparative thin-layer chromatography using toluene/ethyl acetate 1/1 (v/v) as moving phase.
CYP27A1 knockout mice
Generation of these mice in Israel has been described previously ( 6 ) . The breeding of these cyp27a1 Ϫ / Ϫ mice in our Swedish animal facility became complicated by low mothering nurture instincts and aggressive behavior toward pups. Because of this, we generated the cyp27a1 Ϫ / Ϫ mice from heterozygotes on a C57BL/6J background. This breeding was uncomplicated and also generated the cyp27a1 +/+ mice that were used as controls. The mice had free access to normal chow and water. In one set of experiments, mice were fed with normal chow containing 5% cholestyramine or 0.05% cholic acid. In the case of treatment with cholestyramine, the mice were 8-9 weeks old at the start of the experiment. In the case of treatment with cholic acid, the mice were 3 weeks old at the start of the experiment. The treatment continued for 8-9 weeks, following which they were euthanized by carbon dioxide inhalation. Cerebrum, cerebellum, liver, and tendons were collected immediately after collection of blood by cardiac puncture. There were 4-5 mice in each group, with the exception of the group of cyp27a1 Ϫ / Ϫ females treated with cholestyramine that consisted of three animals and the group with male cyp27a1 Ϫ / Ϫ mice on chow diet, which consisted of eight animals.
In one experiment, a cyp27a1 Ϫ / Ϫ mouse was subjected to daily injections of unlabeled 7 ␣ -hydroxy-4-cholesten-3-one, 200 g dissolved in 500 l saline containing BSA 1% (w/v) and 10% ethanol (v/v) for 3 months. In another experiment, a cyp27a1 Ϫ / Ϫ mouse was injected daily with 2 H 7 -labeled 7 ␣ -hydroxy-4-cholesten-3-one, 100 g dissolved in 500 l saline containing BSA 1% (w/v) and 10% ethanol (v/v) for 9 days. In accordance with previous work ( 6 ) , there were no signs of xanthomas in the tendons, liver, or brain of the cyp27a1 Ϫ / Ϫ mice.
All experimental protocols were approved by the local ethics committee for animal experiments.
To understand the pathogenetic mechanism behind formation of xanthomas in patients with CTX, it is of interest to compare the effect of CYP27A1 defi ciency on some key enzyme systems and some key metabolic products in mice and humans. It has been reported that the bile acid defi ciency leads to a 22-fold upregulation of cholesterol 7 ␣ -hydroxylase activity in CTX patients but only 2-7-fold in Cyp27a1 Ϫ / Ϫ mice ( 4 ). In accordance with this, the circulating levels of 7 ␣ -hydroxycholesterol are increased about 4-fold in Cyp27a1 Ϫ / Ϫ mice ( 6 ) but often more than 50-fold in CTX-patients (unpublished observation). Another interesting difference between CTX patients and Cyp27a1
Ϫ / Ϫ mice is the degree of accumulation of cholestanol in the circulation. In patients with CTX, the levels of plasma cholestanol are generally increased about 7-fold or more, whereas the levels in Cyp27a1 Ϫ / Ϫ mice have been reported to be increased by a factor of about 2-fold ( 5, 7 ). There is a clear link between the increased cholesterol 7 ␣ -hydroxylase activities in patients with CTX and the accumulation of cholestanol. By injecting 7 ␣ -tritium-labeled cholesterol and measuring incorporation of the label in cholestanol, we could demonstrate that the major part of the cholestanol formed in CTX involves 7 ␣ -hydroxylated intermediates ( 10 ) . We have also shown that the bile acid precursor 7 ␣ -hydroxy-4-cholesten-3-one is metabolized into cholestanol under in vitro conditions, with cholesta-4,6-dien-3-one and 4-cholesten-3-one as intermediates ( 10 ) . The latter intermediates are markedly accumulated in the circulation of patients with CTX ( 7 ).
The origin of the cholestanol present in the brain of patients is not obvious. The simplest mechanism, direct blood-to-brain passage of cholestanol formed extracerebrally, is dependent upon the ability of cholestanol to cross the blood-brain barrier. Buchmann and Claussen ( 11 ) reported that rabbits fed a diet enriched with cholestanol for 8 weeks had brain cholestanol about twice that of animals fed a control diet. Additionally, Buyn et al. ( 12 ) showed that feeding mice with 1% cholestanol for 8 months led to a signifi cant enrichment of this sterol in the cerebellum. Because of the possibility of a contamination from blood vessels, it is diffi cult to draw fi rm conclusions from these studies. If a passage of cholestanol does occur from the circulation into the brain, the effi ciency of such transfer must be very low. There is a close structural similarity between cholesterol and cholestanol, and it is well established that there is no signifi cant transfer of cholesterol over the blood-brain barrier [for a review, see ref ( 13 ) ].
We have suggested an alternative mechanism in which there is a passage of a circulating precursor such as 7 ␣ -hydroxycholesterol or 7 ␣ -hydroxy-4-cholesten-3-one into the brain, with subsequent conversion into cholestanol. In accordance with this hypothesis, we recently demonstrated a very effi cient transfer of 7 ␣ -hydroxy-4-cholesten-3-one across cultured porcine brain endothelial cells (a model for the blood-brain barrier) that was about 100 times more effi cient than the transfer of cholestanol ( 14 ) . Furthermore, there was an effi cient conversion of 7 ␣ -hydroxy-4-cholesten-3-one into cholestanol in cultured neuronal and reduced by about 50% in female mice. The levels of cholestanol were increased 2-to 3-fold in the liver of the female cyp27a1 Ϫ / Ϫ mice and about 2-fold in the liver of the males ( Fig. 1 ) . The cholesterol content in the liver was signifi cantly increased in the female cyp27a1 Ϫ / Ϫ mice and decreased in the liver of the male cyp27a1 Ϫ / Ϫ mice ( Fig.   1 ). Cholesterol synthesis was markedly increased in the liver of both male and female cyp27a1 Ϫ / Ϫ mice as shown by the lathosterol levels ( Fig. 1 ) .
In view of the fact that tendons are preferential sites for formation of cholestanol-containing xanthomas in patients with CTX, we also measured the cholestanol content in the Achilles tendons of the cyp27a1 Ϫ / Ϫ mice and wildtype mice. In this case, we got more reproducible results when expressing the levels of cholestanol in relation to cholesterol than to weight of tissue. The levels of cholesterol in the tendons were not signifi cantly affected by the knockout of cyp27a1, but the individual variations were great (results not shown). As shown in Fig. 2 , the content of cholestanol in relation to cholesterol was about 6-fold higher in female cyp27a1 Ϫ / Ϫ mice than in wild-type mice.
The corresponding fi gure for male mice was about 4-fold. The lathosterol levels were increased under all conditions, suggesting increased cholesterol synthesis ( Fig. 2 ). In the case of female mice on a control diet, this level did not reach statistical signifi cance due to the great inter-individual variations ( P > 0.05).
The levels of cholestanol in the brain of the cyp27a1-defi cient female mice were increased about 12-fold compared with their wild-type littermates ( Fig. 3 ) . In cyp27a1-defi cient males, the corresponding increase was about 6-fold. The lack of cyp27a1 did not affect the cholesterol levels in the brain ( Fig. 3 ) . The levels of lathosterol were, however, increased about 2-fold, indicating an increased rate of cholesterol synthesis ( Fig. 3 ) .
In view of the fact that the cerebellum is a preferential site for accumulation of cholestanol-containing xanthomas in the brain of CTX patients, we also measured the cholestanol content in the cerebellum of cyp27a1-defi cient female mice. These levels were similar to those in the whole brain, and there was no effect on the cholesterol content (results not shown).
It is evident from above that the accumulation of cholestanol is higher in plasma and tissues of female than in male cyp27a1-defi cient mice. Because of this, a more detailed investigation was performed with female mice only.
Levels of 7 ␣ -hydroxy-4-cholesten-3-one in the circulation of cyp27a1
؊ / ؊ mice and wild-type mice
As shown in Table 1 , the levels of 7 ␣ -hydroxy-4-cholesten-3-one were about 35 times higher in the circulation of cyp27a1 Ϫ / Ϫ mice than in the circulation of the corresponding control mice. Treatment with cholestyramine would be expected to increase the activity of the cholesterol 7 ␣ -hydroxylase due to a reduced negative feedback by bile acids. This would be expected to increase the levels of 7 ␣ -hydroxy-4-cholesten-3-one. In accordance with this, the levels of 7 ␣ -hydroxy-4-cholesten-3-one increased about
Lipid extractions
Lipids were extracted from the brain as described elsewhere with some modifi cations ( 16, 17 ) . Approximately 50-100 mg of brain tissue was added to 1 ml of homogenization buffer (5 mM EDTA, 50 g/ml butylated hydroxytoluene in phosphatebuffered saline, pH 7.4) in a clean glass tube, and the tissue was disrupted using a polytron homogenizer. Five milliliters of chloroform:methanol (2:1, v:v) were added to the homogenate, and the vials were mixed by vortexing and shaken at room temperature overnight. Mouse plasma (25 l) was added to 1 ml of NaCl (0.9% solution) and 4 ml of chloroform:methanol (2:1, v:v) and incubated on a shaking platform for 1 h at room temperature . Mouse livers were extracted in 3 ml of chloroform:methanol (2:1, v:v) for 24 h at room temperature. Liver pieces were removed and 1 ml of NaCl (0.9% solution) was added. Samples were centrifuged at 10,000 g for 10 min. The organic phase was transferred to a new vial. The aqueous phase was reextracted one more time. Mouse tendons were extracted in 3 ml of chloroform:methanol (2:1, v:v) for 5 days at +4°C. The organic phases from different tissues were dried under a stream of nitrogen gas, and chloroform:methanol (2:1, v:v) was added to the dried samples to achieve suitable concentrations.
Sterol analysis
Sterols in the lipid extract were assayed by combined gas chromatography-MS of the trimethylsilyl ether derivative similar to previously described methods from our laboratory ( 14 ) . The assay of cholestanol was different from the previously used method, however, by using 2 H 4 -lathosterol ( 18 ) as internal standard and the ion at m/z 460 and m/z 462 in the selected ion monitoring of cholestanol and 2 H 4 lathosterol, respectively. The latter compound was used as internal standard also in the assay of lathosterol. Cholesterol was assayed by isotope dilution -MS as described previously using 2 H 7 -cholesterol as internal standard ( 14 ) . Cholesterol precursors were analyzed by isotope dilution MS as previously described ( 19 ) . Content of deuterium in cholestanol isolated from the mouse injected with 2 H 7 -7 ␣ -hydroxy-4-cholesten-3-one was calculated by use of combined gas chromatography-MS and selected monitoring of the molecular ions at m/z 460 and m/z 467. 7 ␣ -Hydroxy-4-cholesten-3-one was analyzed by LC-MS-MS as described previously ( 15 ) .
Isolation and measurement of mRNA levels
RNA was isolated from mouse brains with TRIzol Reagent according to the manufacturer's instructions (Invitrogen). The mRNA levels of the different genes relative to the housekeeping gene, hprt, were measured as described previously ( 20 ) .
Analysis of data
Data are reported as the mean ± SEM in the specifi ed number of individual animals. Differences between mean values were tested for statistical signifi cance (* P р 0.05, ** P р 0.01, *** P р 0.001) by the two-tailed Student's t -test assuming equal variance.
RESULTS
Cholestanol levels in plasma, liver, tendons, and brain of wild-type and cyp27a1-defi cient mice
In accordance with previous work ( 5 ), the levels of cholestanol in the circulation of both male and female cyp27a1 Ϫ / Ϫ mice were increased about two-fold in relation to wild type ( Fig. 1 ) . Also in accordance with previous investigations ( 3 ) , the levels of cholesterol were signifi cantly cholic acid markedly reduced the levels of cholestanol in plasma as well as in tendons and brain of the cyp27a1 ( Figs. 1, 3 , and 4 ). As shown in Fig. 4 , there was no relation between levels of cholestanol and 7 ␣ -hydroxy-4-cholesten-3-one in plasma or brain of wild-type mice under the different conditions. In plasma of the cyp27a1 Ϫ / Ϫ mice, however, the changes in levels of cholestanol closely followed the changes in levels of cholestanol under the different conditions. In brain of the cyp27a1 Ϫ / Ϫ mice, the changes in levels of cholestanol induced by treatment with cholic acid were similar to those of 7 ␣ -hydroxy-4-cholesten-3-one in plasma. The increased levels of 7 ␣ -hydroxy-4-cholesten-3-one in plasma induced by treatment of the cyp27a1 Ϫ / Ϫ mice with cholestyramin were, however, not followed by a similar increase in cholestanol.
Direct evidence for a transfer of 7 ␣ -hydroxy-4-cholesten-3-one from the circulation into the brain and its conversion into cholestanol The above results are consistent with a transfer of 7 ␣ -hydroxy-4-cholesten-3-one from the circulation into the brain under conditions when the level of this oxysterol is suffi ciently high (at least higher than about 200 ng/ml plasma). To demonstrate such a transfer, we treated a female cyp27a1
Ϫ / Ϫ mouse with daily injections with 200 g 3-fold in the wild-type mice and about twice in the cyp27a1 Ϫ / Ϫ mice treated with cholestyramine. Treatment with cholic acid, the major suppressor of cholesterol 7 ␣ -hydroxylase activity in mice ( 21 ), would be expected to reduce cholesterol 7 ␣ -hydroxylase activity as well as the levels of 7 ␣ -hydroxy-4-cholesten-one. Under the conditions employed, with a dose of cholic acid corresponding to the normal production of cholic acid ( 21 ), there was a very small reduction only of the levels of 7 ␣ -hydroxy-4-cholesten-3-one in the wild-type mice. In cyp27a1 Ϫ / Ϫ mice, however, with a very low endogenous production of cholic acid ( 6 ), the treatment caused a marked reduction in the levels of 7 ␣ -hydroxy-4-cholesten-3-one by about 75% ( Table 1 ).
Effect of cholestyramine and cholic acid on cholestanol levels in tissue and plasma of female wild-type and cyp27a1
As shown in Figs. 1 and 3, neither treatment with cholestyramine nor treatment with cholic acid had any signifi cant effect on cholestanol levels in plasma or brain of the wild-type mice. In tendons, treatment with cholic acid reduced the levels of cholestanol in the wild-type mice ( Fig. 2 ) . In the cyp27a1 Ϫ / Ϫ mice, treatment with cholestyramine increased the levels of cholestanol in plasma but not in tendons or brain ( Figs. 1-3 ) . Treatment with shown). The apparent increase in cholesterol synthesis was not, however, associated with increased mRNA levels of 3-hydroxy-3-methyl-glutaryl-CoA reductase or synthase (results not shown). The mRNA levels of a gene involved in the metabolism of cholesterol in the brain, cyp46a1, was also not affected by cyp27a1 defi ciency (results not shown).
DISCUSSION
Mice with a disruption of the CYP27A1 are not ideal model systems for CTX because of the fact that no xanthomas are formed in tendons and brain. We show here, however, that both the brain and tendons of cyp27 Ϫ / Ϫ mice contain a relatively high accumulation of cholestanol, which is the most specifi c feature of the xanthomas in CTX.
of 7 ␣ -hydroxy-4-cholesten-3-one during 3 months. As a result of this treatment, the levels of cholestanol in the brain of this mouse increased to 1.47 g/mg, almost 4-fold higher than the corresponding level in untreated cyp27a1 Ϫ / Ϫ mice. In spite of this high level, corresponding to about 10% of the sterol fraction, no xanthomas could be found in the brain. Further direct evidence for a formation of cholestanol from 7 ␣ -hydroxy-4-cholesten-3-one in the circulation was obtained by treating a cyp27a1
Ϫ / Ϫ mouse with daily injections of 100 g of 2 H 7 -labeled 7 ␣ -hydroxy-4-cholesten-3-one for 10 days. After this treatment, the content of 2 H 7 in plasma cholestanol was 2.6% and in brain cholestanol was 0.19%.
Effect of the cyp27a1 defi ciency on cholesterol homeostasis in the brain
There was no signifi cant difference between cyp27a1
Ϫ / Ϫ mice and wild-type mice with respect to content of cholesterol in the brain ( Fig. 3 ) . The levels of lathosterol were, however, increased in the brain of the cyp27a1 Ϫ / Ϫ mice, suggesting an increased cholesterol synthesis. Such increase was observed under all conditions, including treatment with cholic acid. It was shown that not only lathosterol but also some other precursors to cholesterol (lanosterol, 24,25-dihydroxycholesterol, and 7-dehydrocholesterol) were increased in the cyp27a1 Ϫ / Ϫ mice (results not Fig. 2 . Levels of sterols in tendons of female wild-type (WT) and CYP27KO mice on different treatments (WT and KO; ctrl n4 and n5, cholestyramine n4 and n3, cholic acid n5 and n5) and male WT (n5) and CYP27KO (n8) mice on control diet. Fig. 3 . Levels of sterols in cerebrum of female wild-type (WT) and CYP27KO mice on different treatments (WT and KO; ctrl n4 and n5, cholestyramine n4 and n3, cholic acid n5 and n5) and male WT (n5) and CYP27KO (n8) mice on control diet.
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leads to formation of 4-cholesten-3-one, which is further converted into cholestanol in two reductive steps ( 2 ) . In the alternative pathway (pathway II in the fi gure), 4-cholesten-3-one is not formed directly from cholesterol but from 7 ␣ -hydroxy-4-cholesten-3-one by dehydration followed by saturation of the ⌬ 6 double bond ( 2, 10 ) . The enzymes involved in the latter two reactions have been characterized with respect to reaction mechanisms ( 25 ) and are analogous to reactions involved in the bacterial 7 ␣ -dehydroxylation of cholic acid into deoxycholic acid ( 26 ) . It is evident that cholestanol is mainly formed by the classical pathway in the wild-type mouse and not by the alternative pathway. The small changes in plasma cholestanol levels induced by cholestyramine and cholic acid were similar to those of cholesterol. The slight reducing effect of treatment with cholestyramine is likely to be due to increased activity of the cholesterol 7 ␣ -hydroxylase with increased consumption of substrate. It is well established that cholestanol is a substrate for this enzyme ( 27 ) . When treating the cyp27a1 Ϫ / Ϫ mice with cholestyramine, however, opposite effects were obtained on plasma levels of cholestanol. Under these conditions, the plasma levels of 7 ␣ -hydroxy-4-cholesten-3-one increased about 3-fold with a parallel increase in the levels of cholestanol. This is consistent with 7 ␣ -hydroxy-4-cholesten-3-one as a precursor of cholestanol under conditions when its level in plasma is considerably higher than about 200 ng/ml (corresponding to the levels obtained in a wild-type mouse treated with cholestyramin). Increased brain levels of cholestanol were found in the cyp27a1-defi cient mice when the plasma levels of 7 ␣ -hydroxy-4-cholesten-3-one were between 500 and 4,500 ng/ml. Reducing the plasma levels of 7 ␣ -hydroxy-4-Female mice were found to have higher accumulation of cholestanol than male mice, and a detailed investigation was therefore made on female mice only. The reason for the gender difference is unknown. Although there is no obvious direct link to atherosclerosis, it is noteworthy that female mice are more sensitive than male mice to develop atherosclerosis under different experimental conditions ( 22, 23 ) . Evidently, this is due to a reduced capacity for reverse cholesterol transfer, and female mice tend to have lower levels of HDL. In view of our fi nding that cholestanol can be eliminated from cultured cells by the same lipoprotein-mediated mechanism as cholesterol, this could be the explanation for the gender difference.
The two pathways involved in the formation of cholestanol from cholesterol are shown in Fig. 5 . Under normal conditions, cholestanol is formed from cholesterol by a pathway involving the action of a 3 ␤ -hydroxy -⌬ -5-dehydrogenase as a fi rst step ( 24 ) (pathway I in the fi gure). This reac tion Fig. 4 . Levels of cholestanol and 7 ␣ -hydroxy-4-cholesten-3-one (C4) in female wild-type (WT) and CYP27KO mice (A) in plasma. B: Cerebrum cholestanol levels and plasma 7 ␣ -hydroxy-4-cholesten-3-one levels shown in the same diagrams. Number of mice, used to measure 7 ␣ -hydroxy-4-cholesten-3-one levels in plasma, per group were: WT and KO; ctrl n4 (pool) and n3, cholestyramine n4 (pool) and n3, cholic acid n5 and n5). Number of mice, used to measure cholestanol levels in plasma and cerebrum, per group were: WT and KO; ctrl n4 and n5, cholestyramine n4 and n3, cholic acid n5 and n5. Ϫ / Ϫ cholic acid fed, n = 5, CYP27 Ϫ / Ϫ control and cholestyramine fed, n = 3.
by guest, on August 28, 2017 www.jlr.org Downloaded from of the cyp27a1 Ϫ / Ϫ mice is analogous to the suppressive effect of chenodeoxycholic acid on brain xanthomas reported for patients with CTX ( 8 ) . It should be noted that cholic acid is the major suppressor of cholesterol 7 ␣ -hydroxylase in mice ( 21 ) , whereas chenodeoxychoic acid is the major suppressor in humans ( 1 ) . Unexpectedly, the treatment with cholic acid appeared to increase, rather than decrease, lathosterol levels in the cyp27 Ϫ / Ϫ mice. The reason for this is unknown, and further experiments have been initiated to elucidate the mechanism behind this effect. The accumulation of cholestanol in relation to cholesterol was considerably higher in tendons and brain of the cyp27a1 Ϫ / Ϫ mice than in circulation or liver. Tendons and brain are also the preferential sites for formation of xanthomas in patients with CTX. The CYP27A1-mediated conversion of cholesterol into 27-hydroxycholesterol and cholestenoic acid can be regarded as an antiatherogenic mechanism by which cholesterol can be eliminated from macrophages ( 29 ) and possibly also from glial cells. Not only cholesterol but also cholestanol can be eliminated by this mechanism ( 30 ) . The classical HDL-mediated mechanism for reversed cholesterol transfer may be less effective in tendons and brain than in other tissues and organs, increasing the importance of CYP27A1 for removal of excess cholesterol and cholestanol. We have shown that human monocyte-derived macrophages eliminate cholestanol less effi ciently than cholesterol, both by the classical HDLmediated mechanism and by CYP27A1 ( 30 ) . A reduced capacity for removal of sterols is thus likely to result in a preferential accumulation of cholestanol. The reason for development of cholesterol-containing xanthomas in the brain and tendons of patients with CTX but not in cyp27a1-defi cient mice is still not known. The cholesten-3-one in the cyp27a1-defi cient mice by treatment with cholic acid led to expected reduction in levels of cholestanol in the brain.
Surprisingly, an increase of the levels of 7 ␣ -hydroxy-4-cholesten-3-one, by a factor of two, by treating the cyp27a1 Ϫ / Ϫ mice with cholestyramine did not lead to the expected increase of cholestanol concentration in the brain. The reason for this may have been the relatively short duration of the treatment. Another possibility could be presence of a metabolism of cholestanol in the brain that may be activated when the accumulation reaches a certain level.
The major mechanism by which cholesterol is removed from the brain involves a 24S-hydroxylation catalyzed by the brain-specifi c cholesterol 24S-hydroxylase. This enzyme is also active toward cholestanol ( 28 ) , but the role of this enzyme in connection with the accumulation of cholestanol is uncertain. A treatment of a cyp27a1-deficient mouse with daily injections of very large amounts of 7 ␣ -hydroxy-4-cholesten-3-one during 3 months led, however, to a marked increased in brain levels of cholestanol. If a mechanism is present in the brain of the cyp27 Ϫ / Ϫ mice that counteracts the accumulation, it is evident that this mechanism can be overcome by a suffi ciently high fl ux of the cholestanol precursor into the brain. Further evidence for a direct fl ux of 7 ␣ -hydroxy-4-cholesten-3-one into the brain with subsequent formation of cholestanol was obtained by the demonstration of incorporation of deuterium in brain cholestanol in a mouse injected with 2 H 7 -labeled 7 ␣ -hydroxy-4-cholesten-3-one.
The mechanism for accumulation of cholestanol in the brain of cyp27a1 Ϫ / Ϫ mice demonstrated here is likely to also be valid for patients with CTX. The suppressive effect of cholic acid on the accumulation of cholestanol in the brain accumulation of cholestanol in brain and tendons was thus not accompanied by a parallel accumulation of cholesterol in our mouse model. The lathosterol levels were slightly increased, suggesting increased cholesterol synthesis. Whether this increase is a consequence of the accumulation of cholestanol or the lack of 27-hydroxycholesterol is not possible to evaluate from the present study. In CTX, the upregulation of the cholesterol 7 ␣ -hydroxylase due to the low production of chenodeoxycholic acid is considerably higher than the corresponding upregulation in the mouse model. As a consequence, both production and accumulation of cholestanol are considerably higher in CTX than in the mouse model. The production of cholestanol in patients with CTX has been estimated to be about 40-50 mg/24 h ( 31, 32 ), which is about 10% of the normal rate of formation of bile acids in humans. The accumulation of cholestanol in the brain of CTX patients has been reported to be 20-40% of the sterol fraction ( 31 ) . In our untreated cyp27a1-defi cient mice, cholestanol corresponded only to about 3% of the sterol fraction. In the cyp27a1-defi cient mouse treated with 7 ␣ -hydroxy-4-cholesten-3-one, the corresponding enrichment was about 10%. In contrast to the situation in human defi ciency of the CYP27A1, cyp27
Ϫ / Ϫ mice have a marked upregulation of the nuclear xenobiotic receptor pregnane X receptor and its target genes ( 33 ). 7 ␣ -Hydroxy-4-cholesten-3-one is one of the activators of this receptor. One of the metabolic consequences of this activation is an increased capacity to convert bile acid intermediates into more polar 25-hydroxylated alcohols. The excretion of such bile alcohols is, however, very modest in cyp27 Ϫ / Ϫ mice compared to the situation in CTX ( 4, 6 ). The reason for this is probably that 7 ␣ -hydroxylation of cholesterol is rate limiting not only for the synthesis of cholestanol by the alternative pathway but also for the production of 25-hydroxylated bile alcohols. The cholesterol 7 ␣ -hydroxylase is not upregulated in cyp27 Ϫ / Ϫ mice to the same extent as in patients with CTX. In any case, it is diffi cult to link differences in the degree of activation of the pregnane X receptor to the differences in the accumulation of cholestanol and cholesterol at the present state of knowledge. To summarize, we have an explanation for the accumulation of cholestanol in the brain of CYP27A1-defi cient mice and humans and for the higher accumulation in the human situation. We still do not know, however, why the accumulation of cholestanol in the human situation is associated with accumulation of cholesterol in the form of xanthomas.
